Application of biosolids has ecological effects, both chemical and physical in nature (Epstein, 1975; Gupta Land application of biosolids is a beneficial-use practice whose et al., 1977; Kladivko and Nelson, 1979; Khaleel et al., ecological effects depend in part on hydrological effects. Biosolids 1981; Pagliai et al., 1981; Glauser et al., 1988; Fresquez were surface-applied to square 0.5-m 2 plots at four rates (0, 7, 34, and 90 dry Mg ha Ϫ1 ) on each of three soil-cover combinations in Chihua- et al., 1990; Loftin, 1992, 1994 
B
iosolids, a term coined by the Water Environment can be divided into subfractions including fats, waxes, Federation, refers to the beneficially usable solids and oils; polysaccharides; hemicellulose; cellulose; ligproduced by municipal wastewater treatment (Jensen, nin-humus; and protein (Smith and Peterson, 1982) . 1993). In the United States, it was estimated that by the Greases, oils, and fats account for 5 to 20% of the total year 2010, 7.4 million dry Mg of biosolids will be genersolids (Smith and Peterson, 1982; Outwater, 1994, p. 8-9) . ated annually, an increase from 6.3 million dry Mg in As these compounds leach out of the biosolids and onto 1998 (USEPA, 1999) . Biosolids disposal or use options the soil, they might have important hydrological conseinclude incineration, ocean disposal, landfilling, and land quences such as lower clay dispersibility and partial wetapplication (Sabey, 1980) . The Ocean Dumping Ban Act tability. of 1988, and limited landfill space, have shifted atten- Loftin (1992, 1994) and Harris-Pierce tion to the beneficial use of biosolids by land application et al. (1995) studied infiltration, erosion, and surface (United States Congress, 1991; Jensen, 1993; Nicol and water quality as affected by biosolids in semiarid blue Saint, 1993) . In 1998, approximately 41% of the biosolids grama [Bouteloua gracilis (Willd. ex Kunth) Lag. ex Grifgenerated were land-applied, and that number was exfiths] grasslands. Harris-Pierce et al. (1995) , from simupected to grow to 48% by 2010 (USEPA, 1999) . Municilated rainfall, reported no effect of biosolids application palities in every part of the country have successfully (22 and 41 dry Mg ha
Ϫ1
) on runoff to precipitation ratios, implemented this option for several decades, and many but reported increased steady-state infiltration rate and states have begun to promote land application as the dissediment content in runoff with increased biosolids apposal or use option of choice (USEPA, 1989) . plication rate. Loftin (1992, 1994 ) studied runoff and erosion under natural and simulated rainfalls.
tion of the study area is approximately 1350 m. The climate
In a companion study, Rostagno and Sosebee (2001a, of the study site is subtropical semiarid. Precipitation exhibits 2001b) examined the effects of surface-applied biosolids large interannual variations, ranging from 110 to 430 mm (Scanrate (0, 7, 18, 34 , and 90 dry Mg ha Ϫ1 ) and post-applica- lon et al., 1991) , and averaging 308 mm (National Oceanic tion age on runoff water quality and soil physical properand Atmospheric Administration, 1994) . Sixty-six percent of ties of two soil types in the Chihuahuan Desert. They the annual precipitation falls in the months of July through reported that the concentrations of most of the comSeptember. Summer rainfall events occur as intense, shortpounds measured were strongly affected by soil type, duration, convective storms (Scanlon et al., 1991) . Frontal, post-application age, rate, and the interaction between long-duration, winter storms are minor (Scanlon et al., 1991) .
rate and post-application age (Rostagno and Sosebee, Average January air temperature is 4.9ЊC and average July air temperature is 25.3ЊC (National Oceanic and Atmospheric 2001a). Rostagno and Sosebee (2001b) reported that Administration, 1994) .
surface-applied biosolids have the potential to increase
The soil parent material was locally derived, mostly igneous, the time-to-runoff and steady-state infiltration rate of alluvium. The two sites studied were Stellar and Chilicotal.
degraded soils. They also reported that biosolids appli-
The Stellar site was on Pleistocene-age alluvial flat geomorphic cation decreased the clay dispersibility and increased and Loftin (1992, 1994) suggested as the major factor.
with narrow 20-m-wide interfluves.
Meyer et al. (2001) Benton and Wester (1998) and Rostagno and Sosebee (2001a, hypothesized that infiltration and steady-state infiltra2001b). Neither site was grazed by domestic livestock for sevtion rate would increase and erosion decrease with ineral years before this study.
creasing biosolids application rate and biosolids age. We did not expect season of application or simulation to have Biosolids an effect on infiltration or erosion. We hypothesized Four batches of biosolids were used in this study. These that infiltration and steady-state infiltration rate would biosolids were obtained from a commercial applicator conbe greater in the vegetated soil than in bare soils. These tracting with the city of New York, NY, to land-apply their hypotheses were tested with analyses of variance. residential biosolids. Each batch was derived from a separate shipping container about every six months during the study.
MATERIALS AND METHODS
Five biosolids samples were collected from each batch, frozen, and shipped to the Soil, Water, and Air Testing Laboratory at
Study Area
New Mexico State University, Las Cruces, for chemical analysis. A 10-g subsample was taken from each sample to determine This study was conducted in the northern Chihuahuan Desert near Sierra Blanca, TX (31Њ16Ј N, 105Њ22Ј W). The elevawater content before freezing. The water content was deter- ) was selected to determine if there were negative effects from a rate that was signifi-1.2 and 2 mm with the largest drops concentrated in the center cantly greater than recommended. Collection period during of the plot (Wilcox et al., 1986) . the rainfall simulation (2.5, 5, 7.5, 10, 15, 20, 25, and 30 min) A 1.5-mm-diameter water drop falling a distance of 2 m in was the repeated measures effect. There were five replications.
still air has an impact velocity of 4.50 m s
Ϫ1
, which is 82% of Table 1 indicates the relationship among treatments down to terminal velocity (Bubenzer, 1979) . Because the water at the the level of the sub-sub-subplot factor (biosolids application nozzle orifice in this simulator was under pressure, it is reasonrate). Analyses of variance (ANOVA) were performed on balable to assume that the impact velocity was greater than that anced subsets of the data to address specific questions (e.g., of free-falling drops. hypotheses involving site effects were tested with a subset
Water from the local municipal water source was used for that includes two sites, three ages, in winter, with bare cover the simulated rainfall. The water was moderately alkaline with treatment, four rates, and eight collection periods only, as the a pH of approximately 8.2. The electrical conductivity was Chilicotal site data set included only one level of season and 0.7 dS m Ϫ1 and the total dissolved solids were 444 mg L
. cover effects). Mean separations were performed by the least
The sodium absorption ratio of the water was 6.7. significant difference (LSD) test only if the effect was signifi-A square 0.5-m 2 steel frame was positioned on each plot, cant in the ANOVA. The LSD was computed using the approdriven into the ground, and fitted with a runoff collection pan. priate standard error and weighted tabular t values as dis-
The runoff water was allowed to flow from the plot into a cussed in Gomez and Gomez (1984) . low corner of the collection pan. The runoff collection pan Tests of assumptions were performed on each ANOVA.
was sheltered from the simulated rain. Normality was tested with the Shapiro and Wilk (1965) test. The rainfall simulator was positioned level on each plot and If normality was seriously violated, as it was for cumulative a 30-min rainfall was simulated. Runoff water that collected in erosion, the data were log-transformed. Log-transformed cuthe lower corner of the collection pan was transferred through mulative erosion means were back-transformed to the original a nylon hose and suction pump to a graduated cylinder. The units for presentation. In split plot designs, the assumptions volume was recorded for each period. Runoff was recorded related to homogeneity depend on the error term being used at eight periods during the simulation, once every 2.5 min for to test the hypothesis. For the first error term (main plot), the first 10 min and once every 5 min for the remaining 20 min. the assumption was that experimental error variances were
The applied rainfall volume was estimated for each plot. homogeneous. This assumption was tested using Hartley's (1940) At the end of the 30-min simulation period a calibration pan test. For the remaining error terms, the assumption that the with the same dimensions as the runoff plot was placed over variances of differences between treatments (or sphericity) the plot for a period of 5 min. At the end of the 5-min period, were homogeneous was tested with Mauchly's (1940) test.
the simulator was shut off and the volume of water collected in the calibration pan was measured. The values for each plot receiving simulated rainfall during a day were averaged, and
Rainfall Simulation
the average was used as the estimate for all plots measured A portable single-nozzle rainfall simulator, similar to the that day. ones used by Elkins (1983) , Wilcox et al. (1986) , and Spaeth After runoff volume was determined for each collection (unpublished data, 1990) , was used to simulate the rainfall.
period, runoff water was poured into a clean bucket. At the The nozzle was placed 2 m above the soil surface, and a tarp end of each of three 10-min periods, the runoff water collected was placed around the simulator to protect the simulated during the period was thoroughly mixed and a subsample rainfall from wind disturbance. A nozzle pressure of 20.7 kPa (approximately 1 L) was collected. The subsample volume was was maintained during simulation to produce a mean rainfall measured precisely in the laboratory and the sample was filintensity of 164 mm h Ϫ1 on a square 0.5-m 2 plot. A storm of tered to remove the sediment. The sediment was oven-dried this intensity is likely to occur for 10-to 30-min durations at 105ЊC for 24 h and weighed to determine the sediment concentration for that period. The sediment concentration was every 2 to 3 yr in this region. Median drop size was between Greater depth resolution would have allowed for a Within a week after the rainfall simulation was performed better assessment of the impact of biosolids on OC consoil samples were collected from the crust, A horizon, and B tent below the crust. Kladivko and Nelson (1979) rehorizon for determination of soil particle size distribution by ported greater increases in OC in the upper 5 cm of a the hydrometer method (Gee and Bauder, 1986) , and OC by Celina soil (fine, mixed, mesic Aquic Hapludalfs) in the the method of Walkley and Black (Nelson and Sommers, 1982) .
first 6 mo after surface application of 56 Mg ha Ϫ1 of Additional samples were taken from the A and B horizons for determination of bulk density by the coated clod method biosolids. The Stellar and Chilicotal soils, however, did (USDA, 1992) . Water repellency was observed in some plots not show a strong increase in OC content with increased during sampling. The repellency was qualitatively classified biosolids rate in the A horizon, but these soils were samaccording to the time required for a bead of water to wet the pled by horizon and on average the A horizon was sigsurface similar to the water drop penetration time methods nificantly thicker (see Table 2 ) than the 5 cm of soil described by Dekker and Ritsema (1994) .
sampled by Kladivko and Nelson (1979) ; also, mean annual precipitation is significantly less at this study site than at Wanatah, Indiana, the study site of Kladivko
RESULTS AND DISCUSSION
and Nelson (1979) .
Organic Carbon
Much of the organic fraction of biosolids is composed of greases, oils, and fats (Smith and Peterson, 1982;  Soil OC varied among the combinations of soil and cover treatments in the crust layer, but not in the A Outwater, 1994, p. 8-9 ) that can move with infiltrating water into the soil. Runoff water had a distinct yellow horizon ( Table 2 ). The bare Stellar and Chilicotal soils had similar crust OC contents that were less than the hue indicating dissolved organic material was present.
The crusts tended to be slightly water repellent (as in content in the vegetated Stellar soil (0-to 0.5-cm depth if crust was absent). Organic C increased with biosolids Dekker and Ritsema, 1994) especially directly beneath biosolids aggregates (i.e., water drops remained on the application rate in the crust, and less strongly in the A horizon (the rate effect was significant at the ␣ ϭ 0.10, soil surface for 3 to 10 s versus infiltrating immediately in nontreated plots and most areas not beneath biosolids but not at the ␣ ϭ 0.05 level). The effect of biosolids application rate on OC content did not interact with aggregates in treated plots). Guidi et al. (1983) reported that soil stability was increased more with fats, waxes, soil and cover treatments. Application of 7 dry Mg ha Ϫ1 , or more, of biosolids significantly increased OC content oil, and resins extracted from biosolids than with watersoluble polysaccharides. in crusts above that measured in nontreated plots. Fur- The 90 dry Mg ha Ϫ1 biosolids application rate profered from the bare treatment in the crust, but not in vided an average of 80% biosolids cover in bare plots the A horizon. This is due to the different environmental and about 60% biosolids cover in the vegetated plots. conditions between the very near surface in the bare and
The mean biosolids depths for the 90 dry Mg ha Ϫ1 rate in vegetated sites and its effect on organic matter additions the bare and vegetated treatments were 20 and 27 mm, due to root production and mortality. Crusts in the bare respectively. The biosolids tend to be suspended in the treatments were subject to dramatic diurnal temperalower grass in the vegetated plots that causes apparently ture fluctuations that probably limited root activity in thicker and less uniform cover of biosolids. Harristhe upper 0.5 cm of soil, whereas in the vegetated treat- Pierce et al. (1995) observed poor biosolids-soil surface ments litter buildup and shade from the canopy makes contact because of vegetation on a Colorado grassland. the near surface environment more hospitable for root We did not expect the variation in biosolids cover growth. Hahm and Wester (2004) reported maximum observed within a rate of application among the differsummer soil temperatures for bare soils at a depth of ent batches of biosolids. For a given soil and cover com-0.6 cm commonly in excess of 50ЊC at a nearby location.
bination the application of Batches 2 and 4 consistently Desert plant roots near the soil surface can be injured resulted in a more uniform and thicker biosolids cover by these high temperatures (Nobel, 1997); consequently, per unit of biosolids applied than the application of it is unlikely that there has been significant OC addition Batches 1 and 3 (Table 3) . Batch 1b applied to the Chilifrom roots in the near surface of bare plots.
cotal site in the summer of 1993 was more similar to Batches 2 and 4 than to Batches 1 and 3 in terms of
Biosolids Effect on Canopy and Ground Cover
water content at the time of application and the amount of cover provided. Typically, for 90 dry Mg ha Ϫ1 applicaAs expected, ground cover and average biosolids thicktion rates on bare soils, the difference in cover between ness increased with increased biosolids application rates odd-(not including Batch 1b) and even-numbered batches (Table 3) . On bare Stellar and Chilicotal soil, biosolids is approximately 18%. The odd-numbered batches cordepth is linearly related to biosolids application rate:
respond to summer-season applications (typically drier depth ϭ Ϫ0.074212 ϩ 0.2012326 ϫ rate [2] biosolids at the time of application, see Table 4 ) and evennumbered batches correspond to winter-season appliPercent biosolids cover on bare Stellar and Chilicotal soil, which is limited to the range 0 to 100, had significant cations (typically wetter biosolids at the time of application, see Table 4 ). linear and quadratic components of the biosolids rate effect:
The density of biosolids as applied was approximately 1 Mg m Ϫ3 , about the same as water. In the range of water before biosolids application, which masked differences in new growth cover. content observed for fresh biosolids there was little variation in density (i.e., changes in water content were matched with an equivalent change in volume). Applica-
Infiltration Response to Biosolids Application tion of 90 dry Mg ha
Ϫ1 of biosolids having 70% water Infiltration increased due to biosolids application. In (wet-weight basis) on a 0.5-m 2 plot required 15 kg of general, the greatest increase in infiltration due to biobiosolids (approximately 15 L), whereas application of solids application occurred in soils where the infiltration the same biosolids rate required 22.5 kg of biosolids rate was low to start with. (approximately 22.5 L) if the biosolids contained 80%
Infiltration rates were measured in Stellar soil for both water. A 10% increase in water constituted a 50% invegetated and bare conditions. There were notable difcrease in the applied wet mass and volume. This differferences in soil properties between these two cover conence in application volume may have affected how uniditions that affect infiltration. Soil textures in the crust formly the biosolids were spread in the plot. Differences (upper 0.5 cm) and A horizon were significantly differin cover between winter and summer applications may ent (␣ ϭ 0.05) between the two cover conditions (Taalso have involved differences in the structural integrity ble 5). Bare soil, unprotected from raindrop impact, was of the biosolids due to freeze damage during the transcrusted and had a lower steady-state infiltration rate port from New York. Observations of fresh biosolids than the vegetated soil regardless of biosolids applicathat had been frozen before drying suggested that freeztion rate (Fig. 1) . A raindrop impact crust forms when ing may alter the biosolids configuration from that of raindrops strike the bare surface and disaggregate the biosolids that dried without prior freezing, from large soil near the surface allowing silt and clay to fill and (2-to 10-cm diameter) coherent patties to fine (0.5 cm) plug soil voids. The sand grains that remain on the surgranules.
face are free to move by wind once the surface dries. Canopy cover in the bare treatments was not affected Much of this loose sand will be moved and deposited by biosolids application. In the vegetated Stellar soil in coppice dunes beneath nearby plant canopies. The canopy covers were similar (62%) among the 0 to 34 surface of the vegetated soil was typically several centidry Mg ha Ϫ1 biosolids application rates. Canopy cover meters higher than the surrounding bare soil. The sum for the 90 dry Mg ha Ϫ1 rates was less (49%) compared of the crust and A-horizon thickness was 2.2 cm greater with other rates due to burial of the canopy under the biosolids. Benton and Wester (1998) reported that season of application was an important factor influencing plant response during the first growing season after application. They proposed that greater productivity from dormant (winter) season application was a result of greater residence time that increased available nutrients and possibly reduced evaporative loss during spring because of a mulching effect. A greater plant response could have hydrological implications due to increased canopy cover (Meyer et al., 2001) . The difference in plant response between winter and summer biosolids applications did not result in differences in canopy cover in the vegetated plots. This is due to the significant amount of dead standing cover that was present in the plots for the vegetated than for the bare soil. The surface soil These results occurred regardless of the biosolids application rate. High biosolids application rates (34 and 90 in the vegetated area was generally thicker and sandier, had a greater number of roots and pores, and did not dry Mg ha Ϫ1 ) extended the duration of preponded-and transient-infiltration and elevated steady-state infiltrahave the raindrop impact crusts found in the bare areas.
The subset used to study the cover effects had 240 tion rate (Fig. 1) . Rostagno and Sosebee (2001b) similarly reported increased time-to-runoff in plots treated plots and included season of simulated rainfall treatments, biosolids post-application age, cover, biosolids with biosolids. In the bare treatment, the application of 90 dry Mg ha Ϫ1 of biosolids increased the period of application rate, and time into the simulated rainfall. The infiltration rate ANOVA had 31 effects tested out transient-infiltration by about 12 min beyond that of the 0 dry Mg ha Ϫ1 treatment (Fig. 1A) . On bare 90 dry of which 18 effects were significant ( p Յ 0.05, Table 6 ). Among these significant effects, 77% of the total variaMg ha Ϫ1 plots pre-ponded infiltration occurred for the first 2.5 to 5 min, but on 0 dry Mg ha Ϫ1 plots pre-ponded tion was accounted for with cover (21.3%), rate (7.8%), and time into the simulated rainfall (43.8%) main efinfiltration occurred for less than 2.5 min. Steady-state infiltration on the bare 0 dry Mg ha Ϫ1 plots began at fects, and their interactions (4.5%). The infiltration rate means (averaged across age and season) for the threearound 7.5 min into the simulated rain whereas on the bare 90 dry Mg ha Ϫ1 plots steady-state infiltration did way interaction (cover by biosolids rate by time) are plotted in Fig. 1 . not begin until 20 min into the simulated rain. The ANOVA for cumulative infiltration from this There was little gained, in terms of additional sums of squares, by considering age and season effects in the data set (Table 6 ) indicated that 77% of the total variation was explained with just 5 of the 15 effects tested. model for these data. From these data a significant postapplication age effect is apparently lacking. However, Of the 77% explained, 64% was attributed to the cover condition main effect and an additional 21% was atthe post-application age effect is confounded with season and biosolids batch and may mask age and season tributed to the rate of biosolids main effect (Table 6) . Among the other significant effects were some of the effects. The batch effect is discussed elsewhere.
Bare plots had significantly lower steady-state infiltrainteractions that included age and season, but these effects were small by comparison with the significant main tion rates than vegetated plots (␣ ϭ 0.05; Table 6 , Fig. 1 ). content in the B horizon at about 7-cm depth compared with the B horizon of the Chilicotal, which had about the (Table 5) . tated Stellar soil (Table 5 ). The Chilicotal soil was occupied by significantly more (␣ ϭ 0.05) volume of coarse material (pebbles and stones) throughout the soil than effects. Cumulative infiltration was significantly greater with 90 dry Mg ha Ϫ1 than all other biosolids application were the bare and vegetated Stellar soils (Table 5 ). The steady-state infiltration rate in the nontreated rates, except for the vegetated treatment in summer in which the 90 dry Mg ha Ϫ1 rate did not differ from the Chilicotal plots was greater than that of the nontreated Stellar plots (Tables 7 and 8 ). In both soils the infiltra-34 dry Mg ha Ϫ1 rate (Fig. 2) . Cumulative infiltration was significantly greater in plots treated with 34 dry Mg ha Ϫ1 tion rate curves (infiltration rate at each sample time) for the nontreated plots were very similar among the postof biosolids than in plots without biosolids applied. The application of 7 dry Mg ha Ϫ1 of biosolids, however, reapplication ages (data not shown) as was expected because the distinction among post-application ages of a sulted in cumulative infiltration that was not significantly different from plots without biosolids applied (Fig. 2) . nontreated plot is meaningless (i.e., nontreated plots really have the same post-application age treatment Infiltration was also dependent on soil type. A subset of the data from 120 plots that included bare Stellar whether 1, 6, or 12 mo old). In both soils, infiltration rates at any given time during the simulation were more and Chilicotal soil, four biosolids application rates, and three post-application ages, replicated five times was used likely to be different among post-application age treatments at high biosolids application rates than at low to study the effect of biosolids application rates on infiltration in different soils. The ANOVAs for infiltration biosolids application rates (data not shown). The post-application age treatment (a designed facrate, steady-state infiltration rate, and cumulative infiltration are given in Table 7. tor) was confounded with biosolids batch (a nuisance factor) and season of simulation (a designed factor) (i.e., Some of the differences in hydrological response are probably related to soil differences between sites. In post-application age cannot be held constant for a given season of simulation without varying biosolids batch). terms of OC, the bare Stellar and Chilicotal soils were similar (Table 2 ), but texturally they were significantly At the time the experiments were designed biosolids batch was not expected to have important hydrological different ( Table 5 ). The Chilicotal soil was within 0.4 km of a mountain front and was on steeper slopes, and effects. In the following paragraph we present the effect of post-application age ignoring biosolids batch effects. thus it had a coarser texture than the Stellar soil that was situated further down slope (1.2 km from a mounLater, the biosolids batch effect is explored. The effects of post-application age differed between tain front). The Stellar soil had significantly higher clay with increasing biosolids age (Table 8) the bare Stellar soil is considered it is less clear that † Cumulative infiltration or steady-state infiltration rate values within a the effect of biosolids on steady-state infiltration rate level of soil and application rate followed by the same uppercase letter increased with increasing age (Table 8) Factors that were deemed important a priori were enumerated and designed into the study; differences in soils. For example, in the 90 dry Mg ha Ϫ1 biosolids appliinfiltration and erosion, however, were not expected to cation rate, the steady-state infiltration rates in the vary significantly among plots receiving different batches 6-and 12-mo-old applications on the Chilicotal soil were of biosolids or between seasons of application. The exthe greatest with significantly lower steady-state infiltraperimental design required that different batches of biotion rates for the 1-mo old applications; but, in the Stelsolids were used to implement the season in which rainlar soil, the steady-state infiltration rate for the 6-mo fall was simulated and post-application biosolids age old application was significantly greater than both the treatments (i.e., four applications separated in time by 1-and 12-mo-old applications (Table 8) . Regardless of about 6 mo, which means there were two winter and soil the 6-mo-old post-application age plots had greater two summer applications). steady-state infiltration rates than the 1-mo-old plots,
To explore the role of biosolids batch, a data set that which indicated that as the biosolids age the effect of the included bare and vegetated Stellar soils treated with biosolids is greater. Twelve-month-old biosolids were 90 dry Mg ha Ϫ1 of biosolids from three rainfall simulaequal at increasing steady-state infiltration rates to the tion trials (winter 1994, summer 1994 , and winter 1995) 6-mo-old on the Chilicotal soil, but not on the Stellar soil.
and all available post-application ages was analyzed. This The pattern of similarity between post-application ages data set included two trials/post-application ages with was similar for biosolids depth and biosolids cover data biosolids Batch 1, three trials/post-application ages with for these summer of 1994 simulated plots. An alternative Batch 2, two trials/post-application ages with Batch 3, to post-application age as the important factor for these and one trial/post-application age with Batch 4 (Fig. 3) . effects is biosolids batch, which we explore below.
Several patterns of infiltration were suggested from The statistical model for infiltration rate had 15 terms these data. These patterns were similar for both bare and and explained 86% of the total variability (Table 7) . Of vegetated treatments, though the differences were greater the 15 effects tested, 13 were significant; however, 73% in the bare treatments than in the vegetated treatments. of the total variation was due to three terms: time into
Regardless of post-application biosolids age or season the simulated rainfall (47.8%), rate of biosolids applied of rainfall simulation, infiltration in plots that received (21.9%), and their interaction (2.9%) ( Table 7 ). An adwinter-applied biosolids (Batches 2 and 4) tended to be ditional 6% of the total variation was attributed to postgreater than in plots that received summer-applied bioapplication age and the post-application age by rate solids (Batches 1 and 3) (Fig. 3) . Aside from the different interaction (Table 7) .
water, Zn, Cu, and Mn content in the winter-and sumThe effects of different post-application ages and rates mer-applied biosolids (Table 4) , there was no clear difof biosolids on cumulative infiltration are given in Taference between the biosolids applied in winter versus ble 8. Of seven effects tested in the ANOVA statistical summer. Summer-applied biosolids were about 3.2% drier model for cumulative infiltration, six were significant at the time of application than the winter-applied bio-( Table 7) . The model explained 76% of the total variasolids (p Յ 0.05, 70.7, and 73.9% wet-weight basis for tion in cumulative infiltration. Biosolids application rate summer and winter, respectively). When you take into accounted for 49% of the total variation. account the effect of biosolids batch (e.g., by comparFor the Chilicotal and bare Stellar soils without aping different post-application ages from plots treated plication of biosolids, infiltration was 2.1 and 1.7 cm, with the same batch of biosolids) there is little evidence respectively, regardless of the post-application age (a that biosolids post-application age has an effect on infilmeaningless factor for the 0 dry Mg ha Ϫ1 rate; Table 8 ). tration. At biosolids application rates of 34 and 90 dry Mg ha Ϫ1 , infiltration differed among the three ages of biosolids Loftin (1992, 1994) suggested that the dif-events. The protection due to the biosolids and lower clay dispersibility kept soil particles from detaching and moving into and plugging the cracks. It was occasionally noted that small granules of biosolids accumulated in the cracks between crust polygons. Surface crusts that can form as a result of the slaking action of beating raindrops act as hydraulic barriers impeding infiltration and reducing both initial and steady infiltrability (Hillel, 1982) . Surface mulch can serve to intercept and break the impact of the raindrops and thus help to prevent surface sealing (Hillel, 1982) . Rostagno and Sosebee (2001b) cited the "thick layer of ponded water present in the plots treated with biosolids," as supportive of the surface roughness mechanism. The effect of roughness, however, is to decrease the velocity of the runoff water. In the short term, runoff rates from rough plots will be less than from smooth plots while flow depth in the rough plots increases (on plot storage increases). If we assume no difference in infiltration rates between rough and smooth plots, rough plot runoff rates are expected to approach smooth plot runoff rates once on-plot storage due to the roughness is satisfied. Following this logic it is likely that the effect of increased surface roughness on runoff will be greatest during the early phases of a rainfall event and that the differences in runoff rates will diminish with time. Hillel (1982, p. 224) writes that "the effects of ponding depth and initial wetness can be significant during early stages ferences in runoff rates are the result of differences in hydraulic conductivity. ference in runoff between biosolids-treated and nonThe hydraulic head may be slightly increased by hytreated plots could be explained by increased surface draulic roughness because velocity of runoff flow slows; roughness and interception loss. At the time of applicahowever, it is unlikely that the roughness due to the biotion, the biosolids used in this study contained between solids would cause an increase in the hydraulic head large 2.8 and 3.6 cm of water. Biosolids volume is significantly enough to explain the difference in steady-state infiltrareduced by the loss of water in the first several days posttion rate. Simultaneous solution of the Green-Ampt application. After drying, biosolids do not swell to acmodel holding wetting front suction and hydraulic concommodate the absorption of water during rewetting ductivity constant between the 0 and 90 dry Mg ha Ϫ1 events, as would be typical of natural rain. Biosolids rates in Chilicotal soil required a hydraulic head of 40 cm that had been dried to 13% water content (dry-weight in the 90 dry Mg ha Ϫ1 rate to yield the measured steadybasis) increased to 33% water content at the end of a state infiltration rate in both treatments-an unreason-30-min rewetting period (C.A. Moffet and C.M. Rosable depth of water. Further, the low hydraulic conductagno, unpublished data). At a 90 dry Mg ha Ϫ1 rate this tivity of the surface crust in well-crusted rangelands can equates to 0.18 cm of intercepted water.
dominate the infiltration process. Hillel (1982, p. 227) Final infiltration rates were markedly increased with writes that "failure to account for the formation of a the application of biosolids. Sort and Alcaniz (1999) crust can result in gross overestimation of infiltration." have shown that both fine and coarse soil microporosity Duley (1939) showed that an unprotected surface can were increased with the incorporation of biosolids into have significant crust formation that reduces infiltration. soil. This effect on porosity, however, has not been dem-A more likely explanation of the measured difference in onstrated for surface-applied biosolids. The increase in steady-state infiltration rate between the biosolids apinfiltration rates that resulted from the application of plication rate treatments is that the protection afforded biosolids in this study was in large part due to an increase the biosolids both physically and due to increased bindin hydraulic conductivity. Soil surface crusts remained ing of soil particles has altered the hydraulic conductivthroughout the study with cracks, but apparently did ity of the crust by reducing the potential for the cracks between crust polygons to close and seal. not seal (i.e., crust cracks did not close) during rainfall drops without disturbing the integrity of the particles. ‡ Experimental error used to test age (Chilicotal) and season and age
Mean biosolids cover increased with increased biosolids (Stellar) effects. § Experimental error used to test rate and age-rate interaction (Chilicotal) application rate; the marginal gain in cover per unit of and cover and cover-season-age interaction (Stellar) effects.
biosolids mass applied was greatest at low application ¶ Experimental error used to test rate and rate-cover-season-age interacrates. Cover has long been recognized as an important tion effects.
factor in preventing soil erosion. Kladivko and Nelson (1979) and Glauser et al. (1988) suggested that water repellency protects soil units from The runoff response of the Chilicotal soil provides the stress of wetting and drying. Guidi et al. (1983) refurther evidence of increased hydraulic conductivity due ported that soil stability was increased more with fats, to biosolids application. The Chilicotal soil had signifiwaxes, oils, and resins (mostly hydrophobic compounds) cant amounts of roughness from 48% surface gravel extracted from biosolids than with water-soluble polycover (versus 5% on the bare Stellar soil). The applicasaccharides. Both soil binding effects and cover effects tion of biosolids to the Chilicotal soil would impact of biosolids contribute to soil erosion reduction with the effective roughness less than application to the Stellar biosolids application. Rostagno and Sosebee (2001b) resoil because biosolids resting on a pebble would not necported that biosolids application reduced clay dispersiessarily confer additional roughness (i.e., the base of the bility in the upper 3 cm of soil, which would tend to biosolids would not be submerged in the runoff), yet reduce soil erodibility. the effect of biosolids application on infiltration was greater in the Chilicotal soil than in the Stellar.
CONCLUSIONS
Surface application of biosolids has important hydroErosion Response to Biosolids Application logical implications. The effects of biosolids application Soil erosion was reduced by the application of bioto arid and semiarid rangeland are (i) increased final insolids (Table 9 ). The effect of biosolids application on filtration rate, (ii) increased cumulative infiltration, and reducing erosion was greatest where the biosolids were (iii) reduced erosion. The magnitude of response to apapplied to more erodible bare Stellar soils (Fig. 4) . The plied biosolids depended on soil texture, structure, and Chilicotal soil was devoid of herbaceous vegetation, but crusting; the vegetation cover; and apparently the seathe presence of lag gravel armored the soil against eroson in which the biosolids are applied (i.e., winter-and sion. The Stellar soil had both vegetated and bare comsummer-applied biosolids do not confer the same hydroponents. The bare Stellar soil had little gravel on the logical effects). The cause for differences in hydrological surface to protect against erosion so even the addition response between winter and summer-season biosolids of 7 dry Mg ha Ϫ1 of biosolids resulted in a significant applications is not clear. The mechanisms by which bioreduction in erosion. For each of the three soil-cover solids increase final and cumulative infiltration and recombinations studied there were no differences in the duce erosion include increased ground cover, increased erosion measured from plots receiving 34 or 90 dry Mg soil OC content, and increased hydraulic conductivity of the surface crust. Soils that had little protection from ha Ϫ1 of biosolids (Fig. 4) .
